Quasi-static axial and lateral compression tests were conducted on aluminium tubes of circular, rectangular, and square cross sections on a universal testing machine (Instron model 1197). During the compression process, different tubes were collapsed in different modes of collapse. These compression processes were also modelled using FORGE2 finite element code. The code has the capabilities of automatic mesh generation, modelling of die, creation of material data file, carrying out the finite element computations, and post-processing of results. The deforming tube material was modelled as rigid-visco-plastic. Development of different modes of collapse was investigated experimentally and computationally. The experimental load-compression curves and deformed shapes are compared with the computed results and found in good agreement. It is found that the proposed finite element models of the different compression processes are capable of predicting the modes of collapse.
NOMENCLATURE
Relative sliding velocity between platen and tube
. INTRODUCTION
Metallic tubes that absorb the kinetic energy by undergoing plastic deformation are found to be efficient as energy-absorbing devices. Plastic collapse of thin-walled shells of various shapes, sizes, and materials under different loading conditions has been studied in the past [1] [2] [3] [4] [5] . The important characteristics of the impact energy absorbers, their selection criteria, and various modes of plastic deformation of thin-walled shells such as flattening, splitting, tube inversion and folding, have been discussed in detail 6 . Johnson and Reid 7 reviewed the modes of deformation of various thin-walled shells and their corresponding load-compression graphs. The exact behaviour of the tubes is a very complex process due to its dependency upon many process parameters.
Some of the process parameters are diameter-tothickness ratio, length-to-thickness ratio, and friction between the platen-tube interfaces. Therefore, the prediction of deforming behaviour is difficult. The compression process of metallic tubes of different shapes and sizes under different loading and different support conditions were investigated by many researchers in the past few decades by considering different analytical models of collapse [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Recently, finite element codes have also been employed to understand the compression process by few researchers [26] [27] [28] .
Since finite element method has reached a state of maturity, numerical simulation can be carried out as an alternative to the experiments to understand the basic compression process involved in the collapse of metallic shells. Therefore, in this paper, an attempt has been made to understand the axial and lateral compression of aluminium shells between the two parallel rigid plates under quasi-static loading with finite element simulations. But to develop and validate the computational finite element models, experiments were also performed and the results are compared with the computations. This paper presents experimental and computational studies of the energy-absorbing characteristics of the metallic tubes having circular, square, and rectangular cross sections madeup of aluminium. These tubes were subjected to axial and lateral compression tests. Finite element code FORGE2 29 has been used to simulate the compression processes. The results, thus, obtained are analysed, compared and discussed. On the basis of the different proposed computational models, the collapse behaviour of the tubes is predicted.
. EXPERIMENTAL WORK
In the experiments, test specimens were compressed under quasi-static loading using a universal testing machine (Instron model 1197) of 50 T capacity. The load versus cross-head movement plots were obtained from the automatic chart recorder of the machine. To study the history of deformation, deformed shapes at different stages of compression were recorded. The following three series of experimental investigations were carried out:
Axial Compression of Round-hollow-thin and Thick-walled Aluminium Tubes
The test specimens were placed on the bottom platen of the machine with their axis aligned vertically. During the loading process, the top platen was moved downward at a speed of 10 mm/min. The length of the test specimens was taken as twice of their outer diameter. The diameter-to-wall thickness ratio (D/t) was varied from 7.23 to 37.46. 
Lateral Compression of Hollow Tubes of Circular Cross Section under Quasistatic Loading
Aluminium tubes were tested after annealing. Annealing of the tubes was done by soaking the test specimens at 360 o C for 30 min in a furnace and allowing them to cool gradually for 24 h. The tubular specimens were kept between the two rigid platens with their axes aligned horizontally. Each test specimen was placed on the bottom platen and the top platen was moved at a speed of 10 mm/min. The length of each specimen was 100 mm. Other pertinent dimensions of the test 
. ANALYSIS
The compression processes have been modelled and the different modes of deformation of the tubes during the compression process have been analysed using the finite element method. The details of the formulation are provided 26 . The material of the tubes is assumed as homogeneous, isotropic, incompressible, and rigid-visco-plastic. The constitutive test specimens are given in Table 1 
Lateral Compression of Square and Rectangular Tubes under Quasi-static Loading
Annealed aluminium tubes were subjected to lateral compression. The test specimens were placed laterally on the bottom platen and the load was applied by moving the top platen at a downward speed of 10 mm/min. The length of each test specimen was 100 mm. Cross-sectional dimensions of the specimens used in the study are given in Table 1 For circular cross-sectional tubes, the diameterto-thickness (D/t) ratio has been varied to see its effect on the energy-absorbing capacity of tubes. The D/t ratio was varied from 7.23 to 37.46. For the same diameter, thickness of the tubes was 
where
and S is the components of the deviatoric stress tensor and ε is the corresponding components of the strain tensor. The incompressibility condition is:
The material consistency K, which is a function of strain and temperature, is given by
where K 0 , a and β are the material constants. Consequently, the constitutive law assumes the form:
The friction between the tube and the tool is platen with a visco-plastic law 30 :
where α is the coefficient of friction, ∆V is the relative sliding velocity between the platen and the tube, p is a constant and S f denotes the frictional surface. The material parameters strain rate sensitivity index (m), strain-hardening parameter (a) and a constant (K 0 ) were calculated by conducting uniaxial tension tests on standard specimens at the three different strain-rates. Figure 2 shows the true stress versus true strain graphs after annealing of specimen AC503 at the three different strain rates to find the material parameters. These material parameters for different tube specimens are presented in Table 1 . The value of p was taken equal to the value of strain rate sensitivity index (m).
The compression process of round and rectangular tubes under lateral load is a case of plane strain, while of round tube under axial load is a case of axisymmetric deformation. The finite element models of different compression processes of the tubes along with the moving die and its boundary conditions before the compression are shown in Figure 3 [(a-d (1)]. 
Variation of Predicted Contours of Equivalent Strain
The contours of equivalent strain for different compression processes at the two typical stages have been presented in Fig. 6 to understand the collapse processes of the various tubes under consideration. Figure 6 (a) depicts the variation of equivalent strain (Eb) at two stages of compression process. The higher values of Eb occur at those points, which are also the place of largest change in curvature during the whole compression process. The contours appear to be co-centric about these points. The highest value of equivalent strain (Eb) is 2.59. It can be observed that at any horizontal section of the tube, the values of the Eb at different points are not equal. Moreover, the values of the Eb on those locations where the lowest curvature change occurs are almost the same. After seeing the variations of Eb, it is clear that the tube undergoes axial compression and bending. After observing the load-compression curve and the distribution of Eb, it is also clear that the major deformation occurs due to direct axial compression. Further more, it can also be concluded that during the compression process, the axisymmetric multiple-barrelling mode of collapse generate due to continuous deformation of the whole tube in axial compression with bending.
Axisymmetric Multiple Barrelling of Round Tube Subjected to Axial Load

.1 .2 Axisymmetric Concertina Mode of Collapse of Round Tube Subjected to Axial Load
The variations of Eb is shown in Fig. 6 (b) at the two stages of compression. It is clear from this figure that higher values of the Eb occur at two places. First is the area, which remains in contact with the top platen throughout the compression process, so that crushing of the material occurs in this area. The maximum value of Eb in this 
area is approx. 2. Second place, where the higher value contours of Eb occur, is the area, where the first plastic hinge forms which is also the seat of largest curvature change [ Fig. 7(a) ]. The deformations mainly concentrate in this region throughout the compression process. So the maximum value of Eb in this area is approx. 1.82. It can be seen that the concertina mode of collapse develops due to the complete formation of one plastic hinge [designated as first hinge in Fig. 7(a) ].
Flattening of Round Tube Subjected to Lateral Load
The variations of Eb at the two stages of compression is shown in Fig. 6(c) . It is clear from this figure that in the initial stage of compression, the major deformation occurs in the region around the vertical axis of symmetry of the tube. But later on, most of the deformation in tube takes place in the region which is on the horizontal axis of symmetry. The maximum value of equivalent strain in the zone, which falls on the vertical axis of symmetry, is only 0.155, whereas it is as high as 0.9005 in that zone which falls on the horizontal axis of symmetry. The Eb in the remaining portion of the tube is relatively very small throughout the compression process. Flattening of round tube due to lateral load occurs due to the formation of four plastic hinges at the intersection of horizontal and vertical axes of symmetry with the tube section. First set of two plastic hinges develops at the vertical axis of symmetry, which is the region of initial tube platen contact [ Fig. 7(b) ]. The second set of the two plastic hinges forms at the intersection of horizontal axis of symmetry and the tube [ Fig. 7(b) ].
Flattening of Rectangular and Square Tubes
Subjected to Lateral Load 
. CONCLUSIONS
The study presents extensive experimental and computational results on axial and lateral compression tests of metallic hollow tubes. Aluminium tubes were subjected to axial and lateral compression between the two rigid platens in an Instron machine. Load-compression curves and deformed shapes of the specimens at different stages of compression were recorded.
A finite element computational model for different compression processes is presented and an FEM analysis of compression process was carried out using FORGE2 code by considering the material as rigid-visco-plastic. Results thus obtained for load-compression curves and deformed shapes compare very well with the experiments. Further, these models can be employed to predict the mechanics of deformation of shells under different loading conditions. 
